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Abstract
We argue that the process pp→ (jetγ)X, for which a photon is observed inside a fully reconstructed
jet and is treated as part of the jet, offers new probes of the so far little known fragmentation
functions for photons. We present a next-to-leading-order QCD calculation of the cross section
for this process in the limit that the jet is relatively narrow. We also investigate the background
resulting from the two-photon decay of neutral pions. We present numerical results relevant
for possible measurements at the LHC and at RHIC. These suggest that pp → (jetγ)X should
provide clean access to the photon fragmentation functions, provided an efficient suppression of
the background is available in experiment.
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1 Introduction
The production of photons with high transverse momentum pT in hadronic collisions is of funda-
mental importance in today’s particle and nuclear physics. Foremost, it may serve as a tool for
determining the gluon distributions of the scattering hadrons, thanks to the presence and dom-
inance of the leading order (LO) Compton subprocess qg → γq. Photons also provide sensitive
probes of the medium produced in collisions of heavy ions, being able to traverse and escape the
medium with little attenuation. Finally, photon signals play an important role in studies of physics
within and beyond the Standard Model, with the process pp→ γγX through production and de-
cay of a Higgs boson and the recent indication of a 750 GeV diphoton excess seen by the ATLAS
and CMS collaborations [1] at the LHC arguably being among the most well-known examples.
When used in searches of new physics phenomena, photon “signal” processes are invariably
affected by backgrounds from more mundane Standard Model sources. In view of this it is clear
that a good quantitative theoretical understanding of photon production in high-energy hadronic
collisions is crucial. For photons produced in a process characterized by a large momentum
transfer, perturbative-QCD methods may be used. As was discussed a long time ago [2], in
perturbative high-pT processes there are two production mechanisms for photons. The photon
may be directly produced in the hard scattering process through its “pointlike” QED coupling to
a quark. Such contributions are usually referred to as “direct”. On the other hand, photons may
also emerge in jet fragmentation, when a quark, antiquark, or gluon emerging from a QCD hard-
scattering process fragments into a photon plus a number of hadrons. The need for introducing
such a “photon fragmentation” contribution is physically motivated by the fact that the photon
may result, for example, from conversion of a high-pT ρ meson. Furthermore, at higher orders, the
perturbative direct component contains divergencies from configurations where the photon and a
final-state quark become collinear. These are long-distance contributions that naturally signify
the need for non-perturbative fragmentation functions into which they can be absorbed.
Using the single-inclusive process pp → γX as an example, QCD perturbation theory thus
predicts the following schematic structure of the factorized cross section:
dσ =
∑
a,b
fa ⊗ fb ⊗
[
dσˆγab +
∑
c
dσˆcab ⊗Dγc
]
. (1)
Here the sums run over all partons (quarks, antiquarks and gluons). The part involving the sum
over partons c is the fragmentation component, while the other part is the direct one. Each part
has its own partonic hard-scattering cross sections for producing either directly a photon, or a
parton c that subsequently fragments into the photon as described by the fragmentation functions
Dγc ≡ Dγc (z, µ), where z is the fraction of the parton’s momentum picked up by the photon and µ
the scale at which the fragmentation function is probed. Both the direct and the fragmentation
parts involve parton distribution functions in the proton, denoted by fa and fb. The symbols ⊗
represent appropriate integrations over momentum fractions of the various participating partons.
Theoretical calculations of photon production cross sections in hadronic collisions thus rely on
three ingredients:
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(i) knowledge of parton distributions,
(ii) precision calculations of the partonic cross sections, and
(iii) parton-to-photon fragmentation functions.
The parton distribution functions of protons are by now very well known. A lot of work has
gone into (ii) over the past three decades. For single-inclusive photon production, full next-to-
leading order (NLO) computations of the partonic cross sections for the direct [3] as well as for the
fragmentation part [4] have been performed, and even all-order resummations of large logarithmic
threshold corrections are available for both parts [5].
Rather little is known, on the other hand, about the photon fragmentation functions. Some
information is available from measurements at LEP [6], but with rather large uncertainties. Theo-
retical predictions [7–10] for the photon fragmentation functions are compatible with these sparse
data. Based on such sets of Dγc , one estimates that fragmentation photons contribute about 10-
30% to the cross section for pp→ γX in the fixed-target regime [11]. At high-energy colliders, the
fragmentation contribution is typically predicted to be only 10% or less [12]. The reason for this is
that at colliders one introduces so-called isolation cuts. To isolate a photon candidate, one basically
demands that the hadronic energy in a cone around the photon be limited to a certain value.
Isolation suppresses the large background from pi0 → γγ decay and also reduces the fragmentation
contribution [12] since it basically confines it to very high values of the fragmentation variable z.
At any rate, the size of the fragmentation contribution arguably presents the largest uncertainty
in predictions of photon production cross sections. In the present paper, we propose a new
promising method to experimentally access the Dγc in hadronic collisions. The idea is to identify a
photon as part of a fully reconstructed jet. One measures the transverse momenta of the photon
and the jet, pT and p
jet
T , respectively. As we shall show, their ratio,
zγ ≡ pT
pjetT
, (2)
offers direct scans of the fragmentation functions Dγc (z, µ) in z. This is an advantage over the
inclusive cross section pp→ γX, which may also provide information on the photon fragmentation
functions [13] but typically samples them over a broad region in z. We develop the formalism for
the “same-side” photon-jet observable to NLO accuracy. Using the approximation of relatively
narrow reconstructed jets, we are able to derive analytical results for the relevant NLO cross
sections. In our previous publication [14] (see also [15–17] for related work), we have already
presented the corresponding NLO calculation for the process pp→ (jeth)X, where h denotes an
identified hadron inside the jet, and demonstrated that this process opens a promising window on
the determination of the parton-to-hadron fragmentation functions Dhc . Evidently, the background
from pi0 → γγ decay mentioned above will also be relevant in our case and hence will also be
analyzed in our paper.
We stress that the observable we have in mind is different from the “away-side” photon-jet
correlations considered in Ref. [18] and provides a kinematically simpler and more direct access to
the Dγc . In particular, in our case it is natural to divide the cross section for pp→ (jetγ)X by the
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single-inclusive jet one for pp→ jetX, in which case many theoretical uncertainties related to the
choice of parton distributions or (initial-state) factorization scale will cancel out. We also note that
same-side photon-jet observables have been studied in the contexts of e+e− annihilation [10, 19]
and ep collisions [20], where they were shown to provide access to the Dγq . However, the accuracy
achievable in experiment is rather limited for these reactions, as the LEP results [6] show. More
importantly, a drawback of these processes is that the gluon-to-photon fragmentation function
can be probed only indirectly by evolution or higher-order corrections. This is different for the
process pp → (jet γ)X which probes all photon fragmentation functions in the same hadronic
environment as relevant for photon signals at colliders.
Our paper is organized as follows. In Sec. 2 we present our NLO calculation of pp→ (jetγ)X.
We shall see that the results can be formulated in terms of simple photonic “jet” functions. Sec-
tion 3 describes calculations of the pion decay background, taking into account basic experimental
considerations concerning pion reconstruction. In Sec. 4 we present phenomenological results for
pp→ (jetγ)X relevant for collisions at RHIC and the LHC.
2 Same-side jet-plus-photon production at NLO
We consider a high-pT photon produced inside a jet. Our approach will be to consider the photon as
part of the jet. To this end, we follow Ref. [10, 19] to cluster hadrons and photons “democratically”
into mixed hadronic and electromagnetic jets, a procedure that may be applied to any of the
commonly used jet algorithms [21–23]. In terms of a perturbative-QCD calculation it means that
the photon is included as an additional parton.
At lowest order in QCD, for zγ < 1, there are only fragmentation contributions to the cross
section for pp→ (jet γ)X. It is this feature that makes the cross section a powerful probe of the
photon fragmentation functions. Our strategy for performing the NLO calculation is based on our
previous work [14] on the process pp → (jeth)X. A key element of that study was the “narrow
jet approximation (NJA)” [24] (see also [25]), which assumes that the parameter R specifying the
jet “opening” is relatively small. This allows for an analytical calculation of the NLO partonic
cross sections. The NJA is accurate up to corrections of order R2. As was shown in Refs. [24],
this is sufficient for essentially all jet opening parameters used in experiment.
In the language of Ref. [14], the NLO factorized cross section for pp→ (jet γ)X may be written
as
dσpp→(jet γ)X
dpjetT dη
jetdzγ
=
∑
a,b,c∈
{q,q¯,g,γ}
∫ 1
xmina
dxa fa(xa, µF )
∫ 1
xminb
dxb fb(xb, µF )
∫ 1
zminc
dzc
dσˆcab(sˆ, pˆT , ηˆ, µF , µ
′
F , µR)
dpjetT dη
jet
×
∑
d∈
{q,q¯,g,γ}
jc→d
(
zc,
R pjetT
µ′F
) ∑
c′ ∈
{q,q¯,g,γ}
∫ 1
zγ
dzp
zp
j˜d→c′
(
zp,
R pjetT
µ′′F
)
Dγc′
(
zγ
zp
, µ′′F
)
. (3)
Apart from the variable zγ defined in (2) the cross section is specified by the jet’s transverse
3
momentum pjetT and rapidity η
jet, the latter being equal to the photon rapidity η in the NJA. In
Eq. (3) we have furthermore defined
xmina =
pjetT e
ηjet
√
S − pjetT e−ηjet
, xminb =
xap
jet
T e
−ηjet
xa
√
S − pjetT eηjet
,
zminc =
pjetT√
S
(
eη
jet
xa
+
e−η
jet
xb
)
, (4)
where
√
S is the hadronic c.m.s. energy. The various partonic variables are sˆ = xaxbS, pˆT =
pjetT /zc, ηˆ = η
jet − 1
2
log(xa/xb).
Equation (3) has been written in such a way that it includes both the direct and the fragmen-
tation contributions. This is achieved by introducing the function
Dγc′(z, µ) ≡ δ(1− z)δc′γ +Dγc′(z, µ) (1− δc′γ) , (5)
where the first part corresponds to the direct contribution and the second part to the fragmentation
one. The partonic cross sections dσˆcab (with c = γ, q, q¯, g) in (3) are the usual NLO single-inclusive
photon/parton cross sections as computed in Refs. [3] and [4], respectively. Their perturbative
expansions to NLO, but to lowest order in the electromagnetic coupling α, read
dσˆγab = ααs
[
dσˆ
γ,(0)
ab +
αs
pi
dσˆ
γ,(1)
ab +O(α2s)
]
,
dσˆc6=γab = α
2
s
[
dσˆ
c,(0)
ab +
αs
pi
dσˆ
c,(1)
ab +O(α2s)
]
. (6)
Evidently, in order to compute the cross section for production of photons inside a jet, one needs
corresponding partonic cross sections for this observable. These necessarily differ from the single-
inclusive cross sections dσˆγab, dσˆ
c
ab. As was shown in Ref. [14], it is relatively straightforward to
convert the dσˆγab, dσˆ
c
ab into the cross sections that we need for same-side photon (or hadron) plus
jet production. This is achieved by introducing suitable perturbative jet functions jc→d and j˜d→c′ .
The former describe the formation of a jet “consisting” of parton d which has taken the fraction
zc of the parent parton’s momentum, while the latter represent the “partonic fragmentation” of
parton d to parton c′ inside the jet, with momentum fraction zp.
Before discussing the jet functions in more detail, we note that we have introduced several
scales in Eq. (3): The renormalization scale µR, the initial-state factorization scale µF and two
final-state factorization scales µ′F and µ
′′
F , respectively. Of the latter two, µ
′
F is an artifact of
the way we organize our calculation, formulating the cross section in terms of single-inclusive
parton cross sections. µ′F was originally introduced in the mass factorization procedure for the
dσˆcab. Now, however, it cancels exactly between the dσˆ
c
ab and the jet functions jc→d due to the
fact that we foremost define our observable by requiring an infrared- and collinear safe jet in the
final state. Hence, µ′F is not present in the final result. The actual final-state factorization scale
which survives in our final answer is µ′′F . This scale appears because we are asking for an observed
photon in the final state as part of the jet. For details, see Ref. [14].
Throughout this paper (and as anticipated in Eq. (6)), we will always work to lowest order
O(α) in the electromagnetic coupling α. This means that the initial partons a, b in Eq. (3) will
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never be photons in our calculations since the requirement that there also is a photon in the
final state would make the corresponding contribution to the cross section O(α2). This holds
true even for the photon fragmentation part since the fragmentation functions Dγc always provide
an additional power of α. In order to specify the jet functions, it is therefore sufficient to just
consider a fixed initial partonic state ab (a, b 6= γ) in Eq. (3) and disregard the parton distribution
functions. Schematically, we then have the expression∑
c,d,c′
dσˆcab ⊗ jc→d ⊗ j˜d→c′ ⊗Dγc′ . (7)
The labels c, d, c′ run over all QCD partons, but can also represent a photon. The jet functions
with both c 6= γ and c′ 6= γ contribute only to the fragmentation part. They are identical to those
appearing in our earlier calculation [14] for hadron production inside jets, where they were given
to NLO. To LO, they are all diagonal, jq→q = jg→g = δ(1 − zc) and j˜q→q = j˜g→g = δ(1 − zp).
This shows that at this order the cross section for pp → (jet γ)X directly probes the photon
fragmentation functions at value z = zγ.
Starting at NLO, there is also a direct component of the cross section for photon-in-jet pro-
duction. The corresponding contributions are always associated with either c = γ or c′ = γ. Being
direct contributions, they always come with the piece ∝ δ(1 − z) in Dγc′ in (5). We now discuss
the various possibilities at O(α):
(i) Case c = c′ = γ: Here the expression in (7) becomes∑
d
dσˆγab︸︷︷︸
O(ααs)
⊗ jγ→d ⊗ j˜d→γ ⊗ Dγγ︸︷︷︸
O(1)
. (8)
As indicated, the partonic cross sections dσˆγab start at order O(ααs) (see Eq. (6)). Since all jet
functions for d 6= γ are of order O(α), they would give rise to higher-order contributions in α.
Hence, only d = γ and jγ→γ = δ(1− zc) and j˜γ→γ = δ(1− zp) is possible at O(α). Thus, this part
gives precisely the direct part of the full NLO single-inclusive photon production cross section.
However, because of the δ-functions from j˜γ→γ and Dγγ , the entire piece comes with a factor
δ(1−zγ), as is easily seen by insertion into Eq. (3). This in turn implies that for any measurement
of the cross section carried out at zγ < 1 this part of the cross section will not contribute.
‡
In cases (ii) and (iii) we have c = q and c′ = γ so that the expression in (7) becomes∑
d
dσˆqab︸︷︷︸
O(α2s)
⊗ jq→d ⊗ j˜d→γ ⊗ Dγγ︸︷︷︸
O(1)
. (9)
To lowest order in α, we can then either have d = γ or d = q in Eq. (3). Thus we further
distinguish:
‡We note that the region zγ → 1 could be interesting when isolation cuts are imposed on the photon. In this
region we have a photon carrying most of the jet’s energy and accompanied by very little hadronic energy. For such
studies at very high zγ it may be preferred to integrate over a range of zγ that includes the endpoint at zγ = 1, in
which case the contributions ∝ δ(1− zγ) will need to be kept.
5
(ii) Case c = q, c′ = γ, d = γ: We have j˜γ→γ = δ(1− zp) and, in the MS scheme,
jq→γ(z, λ) = − α
2pi
e2q
[
Pγq(z) log
(
λ2(1− z)2)+ z] , (10)
where eq is the quark’s fractional charge, and where
Pγq(z) =
1 + (1− z)2
z
. (11)
This contribution is again proportional to δ(1− zγ) and does not contribute to measurements at
zγ < 1. However, this becomes different in
(iii) case c = q, c′ = γ, d = q, where jq→q = δ(1 − zc) and, in the MS scheme and for the anti-kt
jet algorithm:
j˜MSq→γ(z, λ) =
α
2pi
e2q
[
Pγq(z) log
(
λ2z2(1− z)2)+ z] . (12)
The contribution associated with this jet function is, at this order, the only direct part of the cross
section that is present at zγ < 1. It is genuinely NLO, and its logarithmic dependence on the scale
µ′′F correctly compensates the scale dependence associated with the inhomogeneous piece [7–10]
in the evolution of the Dγc .
The final possibility is
(iv) case c = g, c′ = γ: Here we need to ‘convert’ a gluon exiting the hard scattering to an observed
photon. This may happen through the combination jg→q j˜q→γ. The product of these functions
is O(ααs), which, when combined with the α2s from the hard process is an order too high in αs,
that is, beyond NLO. The only contribution for c = g arises when the photon is produced in
fragmentation, as discussed above.
We collect all jet functions in the Appendix, both for the fragmentation and for the direct cases,
and for various types of jet algorithms. From the above discussion, we conclude that as long as
we stay at zγ < 1 case (iii) generates the only non-vanishing direct contributions at O(α) and
NLO. We observe that the corresponding jet function in Eq. (12) shows a logarithmic divergence
at z → 1. A behavior of this type is quite familiar for NLO direct (pointlike) contributions
in hadronic processes involving photons, where it is also exhibited by the corresponding photonic
coefficient functions for space-like or time-like photon structure functions [8, 26]. This can become
an issue, in principle, due to the fact that the coefficient functions appear directly in the structure
function, potentially creating an unphysical divergent behavior of the structure function at high
Bjorken-x. However, as was shown in Refs. [8, 26], for photon structure functions the situation
may be remedied by adopting a factorization scheme different from the MS scheme for the pointlike
contribution. This scheme is known as DISγ scheme and will also be our choice in this paper as it
leads to an overall better perturbative stability. Using the results of [8] the scheme transformation
is easily performed, and we find for the jet function in the DISγ scheme:
j˜DISγq→γ (z, λ) ≡ j˜MSq→γ(z, λ)−
α
2pi
e2q
[
Pγq(z) log
(
z2(1− z))− 21− z
z
]
=
α
2pi
e2q Pγq(z)
[
log
(
λ2(1− z))+ 1] . (13)
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All other jet functions remain unaffected by the transformation. Interestingly, we find that even in
the DISγ scheme a logarithmic term ∝ log(1− z) remains in the jet function. The reason for this
can be traced back to the fact that, compared to the inclusive structure function F γ1 , the phase
space for our photon-in-jet observable is different, being less inclusive and hence giving rise to
two factors of ∝ log(1− z) in the MS scheme, only one of which is subtracted when transforming
to the DISγ scheme. In any case, the remaining logarithm in (13) may be eliminated by a scale
choice (µ′′F )
2 ∝ (1− zγ). As mentioned, the jet function in (13) refers to the anti-kt jet algorithm.
The results for other algorithms may be found in the Appendix for the MS scheme and may then
be transformed to the DISγ scheme in the same fashion as above.
For later reference, we finally note that the cross section (3) may also be expressed in terms
of photon kinematics,
dσpp→(jet γ)X
dpTdηdzγ
(pT , η, zγ) =
1
zγ
dσpp→(jet γ)X
dpjetT dη
jetdzγ
(
pjetT =
pT
zγ
, η, zγ
)
. (14)
3 Pion decay background
Production of pi0 with the subsequent decay pi0 → γγ (with a branching ratio of ≈ 98.8% [27])
provides the largest source of unwanted background photons. There are two main components of
this background [28, 29]. First, at high pion transverse momentum, the two decay photons can
become almost collinear and may not be resolved as two separate photons but rather as a single
electromagnetic signal. We refer to this part of the background as “B1”. Secondly, even when
the two decay photons are well separated in angle, the decay may be very asymmetric in energy.
It may happen that one of the decay photons is relatively soft, so that it is below the threshold
for detection. In this case, only the high-energy decay photon will be seen and misinterpreted as
a single prompt photon. This part of the background, denoted as “B2”, is relevant toward lower
transverse momentum, where the pion production cross section is large.
Using our previous calculation [14], it is relatively straightforward to estimate the sizes of B1
and B2. From the axial anomaly prediction [30] in the chiral limit we have a constant decay matrix
element, so that the normalized differential decay rate follows just from phase space considerations:
1
Γ
dΓ
dE1
=
1
|~Ppi|
, (15)
where E1 is the energy of one of the decay photons and ~Ppi denotes the pion three-momentum in
the hadronic c.m.s. As we are interested in the angular separation of the two photons, we relate
E1 to cos θ12, where θ12 is the angle between the momenta of the two decay photons:
cos θ12 = 1− m
2
pi
2E1(Epi − E1) . (16)
We then obtain
1
Γ
dΓ
d cos θ12
=
m2pi
|~Ppi|
1
(1− cos θ12)2
√
E2pi − 2m
2
pi
1−cos θ12
, (17)
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where Epi is the pion energy. For B1 we only need to impose the condition that θ12 be smaller than
the angle the detector can resolve, so that the photons will be seen as a single electromagnetic
signal. This happens when
1− cos θ12 ≤ δφ
2 + δη2
2 cosh2 η
≡ ρ
2
2 cosh2 η
, (18)
where δφ and δη are the detector resolutions in azimuthal angle and rapidity, respectively. To
estimate B1 numerically, we simply have to integrate the normalized decay spectrum (17) subject
to the constraint (18), i.e.
∫ 1−2(1−β2)
1−ρ2/(2 cosh2 η)
d cos θ12
1
Γ
dΓ
d cos θ12
=
1
|~Ppi|
√
E2pi − 4m2pi
cosh2 η
ρ2
Θ
(
E2pi − 4m2pi
cosh2 η
ρ2
)
, (19)
where Θ(x) denotes the Heaviside function, and multiply the result by the cross section for pp→
(jetpi0)X from our previous calculation [14]. Here we have introduced the Lorentz factor β =
|~Ppi|/Epi.
For B2, for which one of the two decay photons is not detected and the other photon has
transverse momentum pT , one needs to take into account that the decaying pion must have had a
correspondingly higher transverse momentum or energy. This gives rise to a convoluted structure
of the cross section for this part of the background. Denoting the energy threshold for photon
detection by ε, we have
dσB2
dηjetdpγTdzγ
=
∫ ∞
pγT
dppiT
ppiT
dσ(jetpi
0)
dηjetdppiTdzpi
1
Γ
dΓ(x = pγT/p
pi
T )
dx
, (20)
where
1
Γ
dΓ(x)
dx
=
2
β
Θ
[
1 + β
2
− x
]
Θ
x−max
1− ε
Epi
,
1
2
1 +√1− 4m2pi cosh2 η
ρ2E2pi
 . (21)
We have introduced the variable x as the energy fraction of one photon with respect to the pion
energy, E1 = xEpi, and hence E2 = (1 − x)Epi. Furthermore, ppiT is the transverse momentum
of the decaying pion and zpi ≡ ppiT/pˆjetT is defined in analogy to Eq. (2), with pˆjetT the transverse
momentum of the jet containing the pion. Clearly, we have Epi = Eγ + E2 and hence p
γ
T = xp
pi
T ,
since we assume that the other photon’s energy, E2, is not seen by the detector as it falls below
the detector’s energy threshold. A further consequence of this is that the photon with energy E2
is not counted toward the jet energy. As a result, we have pjetT = xpˆ
jet
T . Combining these relations,
we find that zpi = zγ.
We now rewrite the integration in Eq. (20) in terms of the energy fraction x and use Eq. (14)
to express everything in terms of the jet kinematics. Using zpi = zγ we finally arrive at
dσB2
dpjetT dη
jetdzγ
=
∫ 1
0
dx
dσ(jetpi
0)
dpˆjetT dη
jetdzpi
1
Γ
dΓ(x)
dx
. (22)
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The integration limits in this equation are implemented implicitly in the definition of 1
Γ
dΓ(x)
dx
via
Heaviside functions, see Eq. (21). They follow from the conditions that the decay be kinematically
possible, that the unobserved decay photon must have energy below ε, and that the two photons
have an opening angle larger than the detector resolution. Explicitly, one has
1 +
m2pi
4E2γ
≤ x−1 ≤ min
(
1 +
ε
Eγ
, 1 +
m2pi
ρ2p2T
)
, (23)
with Eγ = pT cosh η the observed photon’s energy.
-1 --
1 --
cosθ12
E1
1 - 2(1 - β2) --
1 - ρ2 / (2 cosh2η) --
1 - m2π / (2 ε (Eπ - ε)) --
| |
E
π  (1-β)/2 E π 
(1+
β)/
2
Figure 1: The cosine of the angle between the two photons, cos θ12, as a function of the photon
energy E1, according to Eq. (16). The shaded areas correspond to B2 while the hatched one
describes B1.
To obtain a better understanding of the phase space for the two backgrounds and how they are
connected, it is instructive to plot cos θ12 as a function of E1 according to Eq. (16). This is done
in Fig. 1. Without any restrictions, the region underneath the solid line would be the available
phase space for the two photon decay. If the pion could be reconstructed experimentally in this
whole region, there would be no pion decay background. As described above, the experimental
limitations lead to some regions where only one electromagnetic signal is seen. In the upper
hatched region representing B1 the two photons are close together and cannot be seen as separate
photons by the detector. In the shaded regions (B2) left and right, they are well separated in
angle, but one of them has energy below threshold and is not seen either. The full background
comes from the sum of these regions. Only in the the remaining part can both photons be seen
and the parent pion be reconstructed. We note that Fig. 1 shows an idealized picture where we
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have chosen the pion energy and the parameters ρ and ε such that the main qualitative effects
are well visible. If we were to use more realistic values, the plot would look close to a rectangular
function, with cos θ12 very closely reaching unity at the upper end. The hatched and shaded areas
would shrink in size, although they still make numerically very sizable contributions as we shall
see in the next section. We also note that, depending on the kinematics, the areas of B1 and B2
may overlap. Hence, in the numerical calculation one has to carefully avoid double counting.
We finally emphasize that our calculations of the pion backgrounds are not limited to photon-
in-jet production, but can also be applied to any other photon observable. Of course, one has to
combine the decay results with the appropriate pion cross sections corresponding to the photon
observable one is interested in. For example, to obtain a background estimation for single-inclusive
photon production one would use a single-inclusive pion cross section and apply the expressions
for B1 and B2.
4 Phenomenological results
It is most interesting to consider the cross section differential in zγ as it directly probes the z
dependence of the Dγc . The upper part of Fig. 2 (solid line) shows the cross section for pp →
(jet γ)X at
√
S = 200 GeV, corresponding to RHIC. In the lower part we show results for pp
collisions at the LHC at
√
S = 7 TeV. We use the CT10 [31] parton distributions and the “Glu¨ck-
Reya-Vogt” (GRV) photon fragmentation functions of Ref. [8]. The results have been integrated
over |ηjet| < 1 and over 5 GeV < pjetT < 30 GeV for RHIC and 15 GeV < pjetT < 30 GeV for the
LHC. We also impose a cut pT > 5 GeV on the photon transverse momentum, in order to make
sure that we are in the perturbative regime. As it turns out, this cut also helps to suppress the
pion decay background (for the LHC the cut causes the “edges” in the figure at zγ = 1/3 where
5 GeV/zγ coincides with the lower limit of the p
jet
T integration). The jet is always defined by
the anti-kt algorithm with R = 0.6. We choose µR = µF = p
jet
T for the renormalization and the
initial state factorization scales. The final state factorization scale, on the other hand, is set to
µ′′F = p
jet
T
√
1− zγ (see also [16, 17]). Along with our value of R this choice helps to minimize the
logarithm in Eq. (13) and hence the direct contribution to the cross section.
In addition to the cross sections we also show the estimated pi0 background in Fig. 2, separately
for B1 and B2. Here we use the most recent set of pion fragmentation functions of [32]. We choose
the detector resolutions δφ = δη ≡ δ = 0.01 in (18), which are typical values for the RHIC and
LHC collider experiments. We furthermore assume two different values for the energy threshold
for photon detection, ε = 100 MeV and ε = 10 MeV. We observe that for our choice of kinematics
background B1 is small for δφ = δη = 0.01, since the two photons start to be seen as a single
one only when their combined transverse momentum exceeds ∼ 20 GeV. One furthermore sees
that background B2 remains below the photon cross section only for the relatively low threshold
ε = 10 MeV. This evidently poses a challenge to experimental studies of photon-in-jet production.
Figure 3 analyzes the relative sizes of the contributions of quark/antiquark (summed over
all flavors) and gluon fragmentation to the cross section, using the RHIC kinematical setup of
Fig. 2. We have normalized all contributions to the LO cross section with GRV fragmentation
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Figure 2: NLO cross section for pp → (jet γ)X at √S = 200 GeV as function of zγ, for 5 GeV
< pjetT < 30 GeV (upper, solid), and at
√
S = 7 TeV for 15 GeV < pjetT < 30 GeV (lower, solid).
The other lines show in both cases the backgrounds B1 and B2 from pi0 decay, for various choices
of the detection parameters.
functions. We show NLO results for three different sets of photon fragmentation functions: the
GRV [8] one used so far, and the two sets of “Bourhis, Fontannaz, Guillet”, Ref. [9], which we
refer to as “BFG1” and “BFG2” and properly transform to the DISγ scheme. One can see that
overall gluon fragmentation makes a sizable contribution to the photon cross section. The BFG2
set is characterized by an especially large gluon-to-photon fragmentation function, which becomes
clearly visible in the figure. We also show the direct contribution based on Eq. (13) which, in the
DISγ scheme and for our choice of R and µ
′′
F , is tiny. The cross section for photons produced in
jets thus offers a direct probe of photon fragmentation also at NLO.
5 Conclusions
We have proposed a method of accessing the elusive photon fragmentation functions in hadronic
collisions at RHIC or the LHC. The idea is to identify photons produced inside fully recon-
structed jets, with the photon treated as part of the jet. The variable zγ = pT/p
jet
T introduced
in Eq. (2) allows to map out the z-dependence of the photon fragmentation functions. We have
presented numerical results for the corresponding cross section that demonstrate the sensitivity
to the fragmentation functions. We have also performed detailed estimates of the background
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Figure 3: Normalized quark (solid) and gluon (dotted) fragmentation contributions together with
the direct contribution (dashed) to the cross sections as functions of zγ for 5 GeV < p
jet
T < 30 GeV
at
√
S = 200 GeV. We show results for the sets of fragmentation functions of Refs. [8, 9]. For
purpose of clearer presentation, all results have been normalized to the LO cross section obtained
for GRV fragmentation functions.
from neutral-pion decay. These suggest that the measurement should be feasible provided a low
photon detection threshold can be chosen. This will evidently present a significant challenge; on
the other hand, there are likely further techniques available in experiment that allow to suppress
the background, such as subtraction of the background using a measured pion-in-jet cross section.
We are thus optimistic that clean measurements of the Dγc should become possible in pp collisions,
enabling better theoretical control of collider observables involving high energy photons. We fi-
nally note that detailed future studies of the interplay of QCD radiation inside jets with photon
production may also lead to new techniques for photon isolation.
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A Jet Functions
For convenience we collect all NLO jet functions in the MS scheme:
Jet functions j:
jγ→γ(z, λ) = δ(1− z) +O(α) ,
jγ→q(z, λ) = −
αe2q
2pi
[
Pqγ(z) log
(
λ2(1− z)2)+ z(1− z)] ,
jq→γ(z, λ) = −
αe2q
2pi
[
Pγq(z) log
(
λ2(1− z)2)+ z] ,
jγ→g(z, λ) = O(ααs) ,
jg→γ(z, λ) = O(ααs) ,
j(c6=γ)→(e6=γ)(z, λ) = δ(1− z)δec + αs
2pi
fc→e(z, λ) +O(α2s) +O(ααs) . (A.1)
Jet functions j˜:
j˜γ→γ(z, λ) = δ(1− z) +O(α) ,
j˜γ→q(z, λ) =
αe2q
2pi
[
Pqγ(z) log
(
λ2(1− z)2)+ z(1− z) + Ialgoqγ (z)] ,
j˜q→γ(z, λ) =
αe2q
2pi
[
Pγq(z) log
(
λ2(1− z)2)+ z + Ialgoγq (z)] ,
j˜γ→g(z, λ) = O(ααs) ,
j˜g→γ(z, λ) = O(ααs) ,
j˜(e6=γ)→(c′ 6=γ)(z, λ) = δ(1− z)δec′ + αs
2pi
f˜e→c′(z, λ) +O(α2s) +O(ααs) , (A.2)
with
Ialgoc′c (z) =

2Pc′c(z) log
(
z
1−z
)
Θ(1/2− z) cone algorithm ,
2Pc′c(z) log z (anti−)kt algorithm ,
Pc′c(z)
[
log(z) + log
(
z
1−z
)
Θ(1/2− z)] JET algorithm .
(A.3)
The last lines in each of Eqs. (A.1) and (A.2) describe the “pure-QCD” type jet functions without
any photonic contributions. They are shown only for the sake of completeness and listed explicitly
in [14], from which the functions fc→e(z, λ) and f˜e→c′(z, λ) may be read off easily.
The expressions for j˜q→γ(z, λ) in the DISγ scheme may be obtained via the scheme transfor-
mation as shown in Eq. (13). All other jet functions are unaffected by that transformation.
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